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Introduction
============

Surface proteins play critical roles in cellular function. Through their extracellular domains, these membrane proteins can modulate cell-cell interactions, adhesion, transport and signalling[@B0][@B1]. The extracellular localization of these proteins makes them attractive targets for the development of therapeutics for the treatment of a wide range of diseases, including cancer and autoimmune diseases[@B2][@B3][@B4][@B5][@B6]. One of the most common folds of human membrane protein ectodomains is the immunoglobulin-like (Ig) fold, which is formed by seven or more β-strands arranged into two β-sheets[@B7][@B8]. Typically, Ig-containing glycoproteins are multi-domain structures with Ig domains sequentially arranged on the extracellular portion of the membrane protein[@B9]. Post-translational modifications of these cell-surface proteins, particularly N- and O-linked glycosylation, have been shown to play essential roles in their regulation, folding, secretion and function[@B10]. To improve our understanding of their function and to better design therapeutics that can target them, techniques are required that allow for their detailed molecular characterization. Here, we present a combination of techniques that allow for the biophysical (biolayer interferometry (BLI) and isothermal titration calorimetry (ITC)) and structural (X-ray crystallography) characterization of the extracellular domain of Ig-containing membrane glycoproteins, alone and  in complex with their biologically relevant ligands and therapeutic molecules ([Figure 1](#F1){ref-type="fig"}).

N-linked glycosylation is one of the most common post-translation modifications on mammalian proteins, and occurs during protein maturation within the endoplasmic reticulum and Golgi[@B11][@B12]. Cell lines, such as human embryonic kidney (HEK) 293 cells, have been developed for the recombinant expression of large quantities of glycosylated mammalian proteins[@B13][@B14]. This cell line has been developed in a suspension format, which allows for the ease of scaling up protein production to larger quantities in comparison to adherent cell lines. Here, we utilize two HEK293 cell lines: HEK293F and HEK293 Gnt I^-/-^ (HEK293S), which differ by the absence of N-acetylglucosaminyl transferase I (Gnt I) in the latter. In turn, production of complex glycans (as seen in HEK293F) is not possible and instead high mannose-type glycans (predominantly Man~5~GlcNAc~2~) reside at N-linked glycan sites[@B17][@B18][@B19]. Using these two cell lines in parallel allows studying the effect of glycan size and complexity on biological function and therapeutic targeting. Indeed, glycoproteins produced in HEK293F cells will have larger, more complex glycans compared to the same glycoprotein produced in HEK293S cells. Glycoproteins produced in HEK293S cells are more amenable to crystallization, because of the reduced chemical and conformational heterogeneity of their N-linked glycans. To further improve crystallizability, glycoproteins produced in HEK293S (but not HEK293F) cells can be treated with the enzyme endoglycosidase H (Endo H), which results in the cleavage of high mannose glycans such that only a single N-acetylglucosamine (GlcNAc) moiety remains at each N-linked glycosylation site[@B20][@B21]. Other methods can also be used to limit N-glycan processing within the cells, such as the addition of glycosyltransferase inhibitors during glycoprotein expression, including kifunensine[@B22]. Alternative approaches involve the expression of native glycoproteins (in HEK293F cells) followed by enzymatic deglycosylation using peptide N-glycosidase F (PNGaseF). However, deglycosylation with PNGaseF has been shown to be less effective under native conditions and increases aggregation in some proteins; in cases when the protein remains soluble after treatment, it acquires negative charges on its surface due to the deamidation of the asparagine residue to aspartic acid[@B23], which might be detrimental for its crystallization. Predicted N-glycosylation sites can also be mutated, most often to alanine or glutamine residues, to prevent N-linked glycosylation at these sites and to generate glycoprotein samples of high homogeneity. Alternatively, glycoproteins can be produced in other eukaryotic cell cultures, including yeast, insect, and plant systems, or other mammalian cell lines such as Chinese hamster ovarian (CHO) cells[@B15][@B16].

Many mammalian expression vectors, including pHLsec, allow for the secretion of recombinant glycoprotein ectodomains into the cell medium[@B24]. Secretion of glycoproteins from HEK293 cells allows for rapid and easy purification without the need for cell lysis. Addition of purification tags (*e.g.,*His-tag, Strep-tag, Flag-tag, Myc-tag, HA-tag) to the N or C terminus of the target glycoprotein allows purification by a single-step affinity chromatography. Subsequently, size exclusion chromatography can be used to yield a monodisperse sample for biophysical and structural characterization.

A highly pure and homogeneous glycoprotein sample under appropriate conditions can result in well-diffracting crystals. Once a full X-ray diffraction dataset has been obtained from such crystals, initial phases need to be determined to calculate the electron density of the glycoprotein. Thanks to an ever increasing number of structures in the Protein Data Bank (PDB), the most commonly used method for phasing has by far become molecular replacement (MR), which uses a related protein structure to obtain initial phases[@B25]. However, when MR fails to solve the phase problem, as has occasionally been the case for multi-Ig domain glycoproteins[@B26][@B27][@B28], alternative methods are required. In this article, we detail a method to soak crystals with heavy atoms (HA) for phasing, which was required for solving the structure of the CD22 ectodomain[@B27]. Identifying the right HA for phasing is an iterative process that depends on HA reactivity, available atoms in the glycoprotein in a given crystal lattice, and the crystallization solution[@B29][@B30]. Alternatively, natural sulfur atoms in cysteine and methionine residues can be used for phasing if present at a high enough ratio to other atoms in the glycoprotein, and if X-ray diffraction data can be collected with high enough redundancy[@B31][@B32].

The biological function of membrane glycoproteins is often mediated by protein-protein interactions or protein-ligand interactions, such as with carbohydrates. When the ligand is small enough to diffuse from the solution to the glycoprotein binding site in the crystal lattice, soaking experiments can be successful to obtain a glycoprotein-ligand co-crystal structure to better understand ligand recognition.

The protocols presented here are also relevant for understanding the interactions of surface glycoproteins with synthetic therapeutic ligands[@B33][@B34] and antibody therapeutics[@B35][@B36]. When combined with structural information, binding kinetics and thermodynamics can be powerful to understand and improve their mechanisms of action. One technique that allows for the kinetic analysis of therapeutic antibodies binding to a glycoprotein is BLI[@B37][@B38]. BLI uses biosensors with an immobilized ligand to measure the association and dissociation kinetics with a binding partner, ultimately determining an equilibrium dissociation constant (K~D~). BLI is an attractive approach because small amounts of glycoproteins are required (\<100 µg), experiment time is fast (\~10-15 min per run), and it can be automated. ITC is also useful for studying affinities between glycoproteins and binding partners[@B39][@B40][@B41][@B42]. While ITC is more time and reagent intensive, valuable information can be obtained regarding the thermodynamics of the interaction (ΔG, ΔH, ΔS, and stoichiometry). ITC is also very useful for studying weak interactions that are often associated with the transient binding of surface glycoproteins to ligands. Furthermore, these techniques can be used in conjunction to evaluate the binding of various constructs and assess the effect of different N-linked glycoforms obtained from expressing the glycoprotein in different cell lines. Performing BLI and ITC with glycoproteins produced in HEK293F, HEK293S and treated with Endo H can provide an in-depth view of the role of glycans in biological activity and therapeutic engagement.

We successfully applied these protocols to characterize the extracellular domain (ECD) of human CD22[@B27], a glycoprotein member of the sialic acid-binding Ig-like lectins (Siglecs) family that is essential for maintaining B-cell homeostasis[@B43]. We performed in-depth construct design to facilitate crystallization and phased the X-ray dataset by HA soaking with Hg. We also soaked CD22 crystals with its ligand sialic acid (α2-6 sialyllactose) to obtain a structure of the immune receptor-ligand complex and thus provided the blueprints for the structure-guided design of glycan mimetics[@B44][@B45]. In addition, we generated the fragment antigen binding (Fab) of the anti-CD22 therapeutic antibody epratuzumab - a therapeutic candidate currently in phase III clinical trials for non-Hodgkin\'s lymphoma[@B46]- to determine its binding affinity by BLI and ITC to differentially glycosylated CD22 ECD constructs. These studies revealed a critical role for N-linked glycosylation in epratuzumab engagement, with potential implications for CD22 recognition on dysfunctional B cells.

Protocol
========

1. Construct Design for Glycoprotein ECD
----------------------------------------

1.  Evaluate the amino acid sequence of human CD22 (Uniprot) using the InterPro and Phyre2 servers to identify predicted domain elements and boundaries located within the protein[@B47][@B48].

2.  Clone the sequence of human CD22, lacking the signal peptide, transmembrane and cytosolic domains (residues 20-687, hereafter CD22 extracellular domain, CD22 ECD) into the pHLsec mammalian expression vector[@B24] using restriction enzymes AgeI and KpnI ([Figure 2](#F2){ref-type="fig"}**A**)[@B49]. NOTE: The pHLsec vector is optimized for the overexpression of soluble, secreted proteins in mammalian cells[@B24]. This vector contains a secretion signal to allow for the extracellular secretion of soluble glycoproteins. pHLsec contains a C-terminal (His)~6x~ tag to facilitate affinity purification from cell supernatants using immobilized metal affinity chromatography methods.

3.  Clone truncated constructs of CD22 ECD with sequential deletions of the C-terminal Ig domains: domains 1-6 (residues 20-687), domains 1-5 (residues 20-592), domains 1-4 (residues 20-504), and domains 1-3 (residues 20-330) (**Figures 2B and 2C**)[@B49].

4.  Evaluate the primary sequence of CD22 ECD using the NetNGlyc server to identify predicted N-linked glycosylation sites present in the construct[@B50].

5.  Using site-directed mutagenesis, by standard protocols[@B51] or by overlapping PCR[@B52], mutate each predicted N-linked glycosylation site (Asn to Gln and/or Asn to Ala) to create constructs of CD22 ECD that contain either a single or several N-linked glycosylation mutations.

6.  After sequence verification of cloned constructs, transform into competent *E. coli*DH5α cells[@B53] and maxi-prep the DNA (as per manufacturer\'s instructions) to prepare for transfection.

2. HEK293F and HEK293S Cell Establishment
-----------------------------------------

NOTE: All manipulation of HEK293F or HEK293S cells with necessary reagents and equipment must be performed in a biosafety level 2 facility in a suitable biosafety cabinet. The external surface of all items must be sterilized with a 70% ethanol solution or equivalent reagent.

1.  Obtain HEK293F and HEK293S suspension cells (see **Table of Materials**) and store at -80 °C until ready for use.

2.  Warm media (see **Table of Materials**) for 1 h in a 37 °C water bath. Transfer 24 mL of warmed media to a 125 mL baffled cell culture flask with a vented cap.

3.  Obtain 1 mL cell aliquot from -80 °C and transfer to ice.

4.  Incubate cells in a 37 °C water bath for approximately 1 min, to partially thaw the cells. Transfer 1 mL of cells from the vial to the 125 mL baffled cell culture flask containing the media.

5.  Close the cell culture flask with the vented cap and place flask in a shaker set to 37 °C, 130 rpm, 70% humidity, and 8% CO~2~.

3. HEK293 Cell Maintenance
--------------------------

NOTE: Cell density and viability of cells must be checked approximately 24 h after thawing. This step ensures that cells are recovering following inoculation; initial viability should be \>80%.

1.  Carefully remove 10 µL of cells from the 125 mL flask containing the fresh suspension cells and transfer it into a sterile 1.5 mL microtube. Close the flask and return it to the incubator.

2.  Pipette 10 µL of Trypan blue solution into the 1.5 mL microtube containing the cells, mix thoroughly and transfer 10 µL to the chamber of the counting slide.

3.  Put the counting slide into an automatic cell counter and obtain values for cell density (in units of cells mL^-1^) and cell viability (in percentage).

4.  Calculate the volume of cells that would be required to inoculate a fresh 200 mL culture at a final density of \~0.8 x 10^6^ cells mL^-1^ using the following equations:     (1)    (2) NOTE: It may take \~ 5 d to obtain a suitable cell density for inoculation into a 200 mL culture.

5.  Once the cell density is sufficient for inoculation of a 200 mL culture, warm-up media for 1 h in a 37 °C water bath and transfer the warmed media into the biosafety cabinet.

6.  Using a serological pipette, carefully transfer the required volume of media (as calculated in equation 2) into a 500 mL baffled cell culture flask with a vented cap.

7.  Using a serological pipette, transfer the required volume of suspension cells (calculated in equation 1) into the 500 mL baffled cell culture flask containing the media.

8.  Cap the new 200 mL maintenance stock and return it to the incubator. Grow cells to a density of approximately 3 x 10^6^ cells mL^-1^. Passage cells at a density of 0.8 x 10^6^ cells mL^-1^ every 2-3 d to maintain a stable culture of cells (as described in section 3.4-3.7). Do not allow the cells to exceed a density of \~4 x 10^6^ cells mL^-1^.

4. Transfection of HEK293 Cells for Glycoprotein Expression
-----------------------------------------------------------

1.  Calculate the volume of cells and media that is required for a 200 mL culture for transfection at 0.8 x 10^6^ cells mL^-1^(using equations 1 and 2 from section 3.4). NOTE: The number of 200 mL transfections that can be performed depends on the cell density of the maintenance stock.

2.  Transfer the required volume of media and cells for transfection into a new 500 mL cell culture flask with a vented cap and return the cell stock to the incubator.

3.  Incubate cells for 1 h prior to transfection to allow cells to acclimatize following splitting.

4.  Transfer 50 µg of DNA into a sterile 50 mL conical tube and dilute with 5 mL of media. Vacuum filter the diluted DNA using a 0.22 µm filtration system into another sterile tube.

5.  Mix diluted, filtered DNA in a 1:1 mass:volume ratio with transfection reagent. Gently swirl the DNA:transfection reagent solution to mix and incubate the solution at room temperature for 10 min.

6.  Add DNA:transfection reagent solution directly to the cells. Incubate transfected cells at 37 °C, 130 rpm, 70% humidity, and 8% CO~2~ in a shaker for 5-7 d.

5. Optimization of Cell Transfection Conditions
-----------------------------------------------

NOTE: To optimize cell transfection conditions for maximum glycoprotein yield, transfect cells at a variety of initial cell densities and assess protein yield over time ([Figure 3](#F3){ref-type="fig"}**A**). Transfect cells as described in section 4, at initial cell densities ranging from 0.5 x 10^6^ to 2 x 10^6^ cells mL^-1^[@B54]. Trial transfections can be scaled down to 25 mL total volume (in 125 mL baffled cell culture flask) with 6 µg of DNA to save space and reagents. The amount of DNA can also be optimized[@B54].

1.  Every day post-transfection (days 1-7), transfer a 500 µL aliquot from the cell culture into a sterile 1.5 mL microtube (in the biosafety cabinet).

2.  Spin aliquoted cells at 12,000 x g for 5 min in a microcentrifuge immediately after collection. Transfer supernatant to a new 1.5 mL microtube and store at 4 °C until all samples are obtained.

3.  Quantitate secreted glycoprotein by densitometry Once all samples are obtained, aliquot 20 µL of each sample into a new 1.5 mL microtube and mix with 6 µL of non-reducing 4x Laemmli sample buffer.Boil samples for 5 min at 95 °C in a thermo-block. Spin samples for 1 min at 12,000 x g in a microcentrifuge.Load 20 µL of each sample per well in a 10-well 4-15% gradient SDS-PAGE gel. Include one lane for protein size markers. Run gel at 250 V for 20 min in a Tris/Glycine/SDS buffer.Following run completion, transfer gel to Coomassie stain (see **Table of Materials**) for 20 min. De-stain gel in ddH~2~O for 20 min. Image gel.Perform densitometry with ImageJ, following standard protocols[@B56][@B57].Compile and plot data with \'days post-transfection\' on the X-axis and \'densitometry values\' on the Y-axis ([Figure 3](#F3){ref-type="fig"}**A**). ​Note: Alternatively, if protein expression is insufficient for visualization by SDS-PAGE, techniques such as Western blotting may be used[@B55].

4.  Quantitate secreted glycoprotein by BLI Using Ni-NTA biosensors, quantitate the amount of secreted glycoprotein using BLI[@B58].Compile and plot data with \'days post-transfection\' on the X-axis and \'protein concentration (µg/mL)\' on the Y-axis ([Figure 3](#F3){ref-type="fig"}**A**).

6. Purification of Soluble Glycoprotein from HEK293 Supernatant
---------------------------------------------------------------

1.  Harvest cells by centrifugation at 6,371 x g for 20 min at 4 °C. Retain supernatant containing secreted CD22 ECD and filter using a 0.22 µm filter.

2.  Load supernatant at 4 mL min^-1^ on a pre-equilibrated (20 mM Tris pH 9.0, 150 mM NaCl, 5 mM imidazole) Ni-NTA column (5 mL volume) using a benchtop chromatography system. NOTE: Other affinity-based purification techniques may be used, based on the affinity tags included in construct design in Section 1.

3.  Following supernatant loading, wash the affinity column with 3-4 column volumes (CV) of wash buffer (20 mM Tris pH 9.0, 150 mM NaCl, 5 mM imidazole).

4.  Elute purified glycoprotein from the column using a 4-100% gradient (4 CVs) of elution buffer (20 mM Tris pH 9.0, 150 mM NaCl, 500 mM imidazole) while collecting fractions ([Figure 3](#F3){ref-type="fig"}**B**).

5.  Pool fractions containing the eluted peak in an centrifugal filtration device with a 10 kDa nominal molecular weight limit (NMWL) and concentrate by centrifuging at 4,000 x g at 4 °C for 15 min or until the sample reaches a volume of 500 µL.

6.  Inject concentrated glycoprotein into a 500 µL sample loop and load at 0.5 mL min^-1^ onto a pre-equilibrated (20 mM Tris, pH 9.0, 150 mM NaCl) high-performance size exclusion column (approximately 24 mL volume) on a fast protein liquid chromatography (FPLC) system at 4 °C while collecting fractions ([Figure 3](#F3){ref-type="fig"}**C**).

7.  Run SDS-PAGE gel of eluted fractions to identify fractions containing the glycoprotein, and pool corresponding fractions. The SDS-PAGE gel can be run as described in Section 5[@B59].

7. Deglycosylation of Purified Glycoprotein
-------------------------------------------

1.  Measure the concentration of purified protein following size exclusion chromatography by using absorbance at 280 nm divided by the extinction coefficient (*e.g.,*1.418 M^-1^cm^-1^ for CD22 ECD). NOTE: The theoretical extinction coefficient of proteins of interest can be calculated using servers such as ExPASy ProtParam[@B60].

2.  Incubate purified protein with Endo H for 1 h at 37 °C, at a ratio of 1 mg of purified protein to 10 µL of commercial enzyme in 1X Endo H buffer (as per manufacturer\'s instructions). NOTE: Endo H cleaves high mannose glycans produced in HEK293S leaving a single GlcNAc moiety at each glycosylation site[@B20]. Endo H does not cleave glycans on proteins produced in HEK293F cells[@B21], however other enzymes can be used for this purpose (*e.g.,*PNGaseF[@B23]).

3.  Concentrate deglycosylated ECD to 500 µL and run gel filtration chromatography on a high-performance size exclusion column (approximately 24 mL volume) at 0.5 mL min^-1^ on an FPLC to remove Endo H and separate any resulting aggregates.

4.  Store the deglycosylated protein at 4 °C until use in downstream experiments.

8. Crystallization of Glycoproteins
-----------------------------------

NOTE: Perform crystallization trials using commercially available screens and set up sitting drop experiments using a crystallization robot.

1.  Concentrate pure, deglycosylated ECD to 10 mg mL^-1^ using a centrifugal filtration device with 10 kDa NMWL at 4,000 x g (4 °C) until the desired concentration is obtained.

2.  Determine the protein concentration by using absorbance at 280 nm and dividing by the extinction coefficient.

3.  Centrifuge sample at 12,000 x g for 5 min at 4 °C prior to crystallization trials to remove unwanted dust or other contaminants from sample.

4.  Fill the reservoir wells of 96-well sitting drop crystallization plates with 80 µL of crystallization solution from a commercial crystallization screen. NOTE: We use sparse-matrix commercial screens that have been designed based on the most successful crystallization conditions with respect to structures deposited in the PDB.

5.  Using a crystallization robot, dispense drops into the well of the crystallization plate with a total drop volume of 200 nL at a ratio of purified protein:crystallization solution of 1:1.

6.  Once the entire plate has been dispensed, seal the plate with tape and place into a plate imager for inspection by visible and ultraviolet light.

7.  Inspect crystallization plates immediately following setup, and in the following weeks, using both visible and ultraviolet light to identify conditions that give initial glycoprotein crystal hits.

8.  Further optimize crystals obtained from initial crystallization hits using fine screens based on the condition of the crystal hit or random matrix micro-seeding methods[@B61][@B62][@B63][@B64].

9.  Cryo-protect any crystals lacking sufficient cryo-protectant within the crystallization condition by soaking the crystal in mother liquor solution supplemented with 20% (v/v) glycerol solution (or equivalent cryo-protectant, such as ethylene glycol or polyethylene glycol 400).

10. Mount crystals in cryoloops and flash freeze them in liquid nitrogen prior to data collection on a home source diffractometer or using synchrotron radiation.

9. Phasing Using Heavy Atom Derivatization
------------------------------------------

NOTE: Before any manipulation of HA compounds, safety aspects must be considered. HA compounds used in protein crystallography are selected for their strong affinity to biological molecules and pose risks to human health from prolonged exposure. Take appropriate safety steps for HA compounds as mentioned in their Material Safety Data Sheets.

1.  To test different HA compounds, concentrations, and incubation times, reproduce well-diffracting crystals obtained in Section 8 in a 24-well crystallization plate using the hanging-drop vapour diffusion method[@B65].

2.  Decide which HA will be used for crystal derivatization. Servers (*e.g.,* the Heavy-atom Database System[@B66]) can assist with HA compound selection, ensuring they are appropriate for the protein and crystallization condition. NOTE: HA screens are also commercially available for easy screening of most effective HA compounds for phasing. A set of \"magic seven\" HA compounds have been previously described to have high probability of success for HA derivatization[@B67].

3.  Set up workstation for HA soaking ([Figure 4](#F4){ref-type="fig"}**A**). Using a cryoloop, rapidly transfer crystals to a 0.2 µL drop on a 22 mm cover slip containing HA solution diluted in the crystallization condition such that the final concentration of HA ranges from 1-20 mM. Seal the drop and incubate for different lengths of time ([Figure 4](#F4){ref-type="fig"}**B**). A good starting point is 5, 10, 60, and 90 min and overnight.

4.  Visually inspect crystals with a light microscope to identify possible cracks or changes in color, which can indicate adverse effects to the glycoprotein crystal or crystal derivatization.

5.  Mount crystals in cryoloops and back-soak crystals for 30 s in three consecutive 0.2 µL drops containing mother liquor solution supplemented with 20% (v/v) glycerol (or alternate cryo-protectant)[@B68]. Back-soaking the crystals removes HA compound that was non-specifically bound and reduces partial occupancy caused by weak HA binding. Flash freeze crystals in liquid nitrogen ([Figure 4](#F4){ref-type="fig"}**B**).

6.  For data collection, processing, structure solution, and refinement, use previously described protocols[@B25][@B69][@B70][@B71].

10. Soaking Glycoprotein Crystals with its Ligand
-------------------------------------------------

1.  Reproduce well-diffracting crystals obtained in Section 8 in a 24-well crystallization plate using the hanging-drop vapor diffusion method.

2.  Prepare a stock solution of 50 mM ligand in 20 mM Tris, pH 9.0, 150 mM NaCl. NOTE: The concentration of the ligand should be prepared according to the affinity to its glycoprotein. If the affinity is unknown, it might be required to use a method such as ITC (Section 12.2) to determine the affinity prior to beginning soaking experiments. Ensure that the ligand is soluble at the desired concentration in the required buffer.

3.  Add varying concentrations of the ligand to the drop containing ECD crystals and seal the drop for incubation at time lengths ranging between 5 min to 5 d.

4.  Visually track crystals with a light microscope to identify possible changes in morphology.

5.  Mount crystals in cryoloops and cryo-protect them in mother liquor solution supplemented with 20% (v/v) glycerol (or other cryo-protectant such as ethylene glycol or low molecular weight polyethylene glycol 400)[@B68].

6.  For data collection, processing, structure solution and refinement, use previously described protocols[@B72][@B73][@B74].

11. Production of Fragment Antigen Binding (Fab)
------------------------------------------------

1.  Subclone genes that correspond to Fab heavy chain (HC) and light chain (LC) sequences of anti-ECD antibodies, *e.g.,*epratuzumab. ​NOTE: Alternatively, IgG can be cleaved by the enzyme papain to generate Fab fragments[@B75].

2.  Transfect cells as described in Section 4, with the following modifications: Use a total mass of DNA for transfection of Fab fragments of 90 µg per 200 mL of culture.Transfect HC and LC plasmids in a 2:1 ratio to reduce the amount of LC dimer formation.

3.  After 7 d of incubation, harvest cells, retain supernatant and filter with a 0.22 µm vacuum-driven filtration device.

4.  Equilibrate anti-LC (kappa or lambda) affinity columns in PBS buffer using a benchtop chromatography system. NOTE: If LC dimer formation is an issue during purification, Protein G affinity chromatography can be used as an alternative to kappa/lambda LC affinity purification.

5.  Load supernatant on affinity column at 4 mL min^-1^. Following sample loading, wash column with 3-4 CVs of PBS.

6.  Elute protein from column using an isocratic elution with 100 mM glycine, pH 2.2, immediately neutralizing the eluted fractions with 10% (v/v) 1 M Tris, pH 9.0 in each fraction. NOTE: The eluted Fab can be further purified by ion exchange chromatography and/or size exclusion chromatography using a FPLC at 4 °C.

12. Characterization of Fab and Small Molecule Binding to the Glycoprotein
--------------------------------------------------------------------------

1.  Biolayer interferometry Prepare 50 mL of 1x kinetics buffer (1x PBS, 0.002% (v/v) Tween-20, 0.01% (w/v) BSA).Hydrate six Ni-NTA biosensors in 200 µL of 1x kinetics buffer for 10 min in a pre-wetting plate.Dilute His-tagged ECD in 1 mL of 1x kinetics buffer at a final concentration of 25 ng µL^-1^. Pipette serial dilutions of purified Fab into 200 µL of 1x kinetics buffer, with a high concentration of 500 nM, and subsequent serial dilutions of 250 nM, 125 nM, and 62.5 nM.Aliquot reagents into black flat bottom polypropylene 96-well microplate as shown in [Figure 5](#F5){ref-type="fig"}**A**, where each well contains 200 µL of the indicated solution.Collect data using the Kinetics Assays in the Data Acquisition software, as described previously[@B37][@B38][@B76] ([Figure 5](#F5){ref-type="fig"}**A**). Briefly, transfer the biosensors into wells containing 1x kinetics buffer to baseline for 60 s before loading 25 ng µL^-1^of glycoprotein for 240 s (or until a threshold of 1.0 nm is reached) at 1,000 rpm.After a second baseline of 60 s in 1x kinetics buffer, transfer the biosensors into wells containing the serial dilution of Fab. The 180 s association phase is subsequently followed by a 180 s dissociation step in 1x kinetics buffer. Note: Biosensors can be reused if the above protocol is followed by a regeneration step, which consists of three cycles of washing the biosensors in stripping buffer (PBS with 500 mM imidazole) for 5 s followed by 5 s in 1x kinetics buffer for neutralization. Biosensors can be reused up to \~10-20 times during the same day, or until poor data quality is observed.Analyze the data using the analysis software ([Figure 5](#F5){ref-type="fig"}**A**): Under Tab 1, import and select data.Under Tab 2, Step 1: Data Selection, select \'Sensor Selection\' and highlight reference wells (rows E and F, [Figure 5](#F5){ref-type="fig"}**A**), right click and set to reference well. Under Step 2: Subtraction, select \'Reference Wells\'. Under Step 3: Align Y-axis, select \'Baseline\' from time range of 0.1 to 59.8 s. Under Step 4: Inter-step Correction, select \'Align to dissociation.\' Under Step 5: Process, select \'Savitzky-Golay filtering\' and press Process Data.Under Tab 3, select \'Association and Dissociation\' under Step to Analyze with a 1:1 model. Select \'Global fitting\' and \'Group by Color\'. Right click curves, select \'Change color\', set all curves to the color of your choosing. Select \'Fit Curves\'. If data are well fitted, a report can be exported by selecting \'Save Report\'.Repeat experiment with glycoprotein produced in HEK293F and HEK293S cells (Section 5) and following Endo H treatment (Section 7) to assess the effect, if any, of different glycoforms on Fab recognition. Furthermore, repeat the experiment with ECD truncations to provide insight into the domain(s) bound by the Fab.

2.  Isothermal titration calorimetry of Fab-glycoprotein interaction ​Note: ITC experiments described here are performed using an automated ITC instrument. Experiments are carried out in a 1 mL round bottom 96-well block. Dialyze the ECD and Fab in a single 4 L beaker of 20 mM Tris, pH 8.0, 150 mM NaCl at 4 °C overnight with a stir bar.Concentrate dialyzed ECD and Fab to 5 µM and 50 µM, respectively, using a centrifugal filter with 10 kDa NMWL, ensuring to wash the concentrator membranes three times with 5 mL of dialysis buffer at 4,000 x g for 5 min at 4 °C prior to use. NOTE: Any mismatch in buffer between samples in the cell and syringe can cause undesired heat to be released during the ITC experiment and result in data of poor quality.For experiment 1: add 400 µL of ECD to A1 to be loaded in the cell, and 120 µL of the Fab to well A2 to be loaded in the syringe. Well A3 is left empty to return the mixed sample following experiment completion. Each subsequent experiment can be added to the plate in the same order (*i.e.,* experiment 2: cell - A4, syringe - A5, empty well - A6; [Figure 5](#F5){ref-type="fig"}**B**). Note: Include buffer into buffer controls (to confirm the instrument is behaving well) at the beginning and end of each run, as well as ligand (in syringe) into buffer (in cell) controls to calculate the heat of dilution for the sample in the syringe. This calculated heat of dilution should then be subtracted from raw experimental data during data analysis ([Figure 5](#F5){ref-type="fig"}**B**).Run a total of 16 injections with a volume of 2.5 μL for each injection. The injection duration is 5 s, with 180 s spacing between injections. Set the cell temperature to 25 °C, with a stirring speed of 750 rpm and a filter period of 5 s. NOTE: Based on the affinity and thermodynamics of the ECD:Fab interaction, it may be necessary to change the sample concentration, number of injections or cell temperature.Analyze the data with the analysis software, as described previously[@B39][@B40][@B42] ([Figure 5](#F5){ref-type="fig"}**B**).Repeat the experiment at least in duplicates, calculating mean K~D~ values and standard errors. Repeat experiment with ECD of different glycoforms (Sections 5 and 6) to assess the effect, if any, of glycoforms on the thermodynamics of the Fab:glycoprotein interaction.

3.  For isothermal titration calorimetry of ligand-glycoprotein interactions, set up the ITC experiment as described in Section 12.2, with the following changes: Dialyze ECD in 4 L of dialysis buffer overnight. Dissolve the ligand using dialysis buffer following completion of dialysis.Perform ITC experiments at significantly higher concentrations to be able to detect low-affinity interactions. For the ECD and ligand interaction, perform ITC experiments at concentrations of 100 µM of ECD in the cell and 1 mM of ligand in the syringe.

Representative Results
======================

Several constructs of CD22 ECD were successfully cloned into the pHLsec expression vector and overexpressed in mammalian HEK293F and HEK293S cell lines (**[Figure 2](#F2){ref-type="fig"} and 3A**). All constructs were purified to size homogeneity by size exclusion chromatography and yielded a highly pure sample for crystallization studies (**[Figure 3B](#F3){ref-type="fig"} and 3C**). The CD22 construct that led to well-diffracting crystals was the d1-d3 truncation (residues 20-330), with five of the six predicted N-linked glycosylation sites mutated from Asn to Ala (N67A, N112A, N135A, N164A and N231A), produced in HEK293S cells, such that only the glycosylation site at position N101 was retained (this construct is named CD22~20-330,\ 5A~). Crystals were obtained in several conditions of the MCSG-1 sparse-matrix screen, but the best crystals were from a condition containing 30% (w/v) polyethylene glycol 4000, 0.2 M lithium chloride and 0.1 M Tris, pH 8.5. These native crystals diffracted to 2.1 Å resolution; using known structures of Ig domains of related Siglec proteins did not yield any solutions in MR searches.

To acquire phasing information, we soaked native crystals with a panel of HA compounds that included Hg, Pt, Os, Ta, and Br at concentrations ranging from 1-20 mM of HA compound for an incubation time from 5 min to 1 d ([Figure 4](#F4){ref-type="fig"}). We monitored crystals for changes in morphology, and found that crystals soaked with HA compound at 20 mM resulted in the rapid cracking and dissolving of the crystal. We froze a total of 63 crystals that retained their shape following set incubation times that were soaked with tantalum bromide cluster, platinum chloride, mercuric acetate and mercuric chloride. Crystals soaked with 7 mM of mercuric chloride for 30 min showed anomalous signal on a fluorescence scan at the Canadian Light Source (CLS) 08-BM beamline (Saskatoon, Canada) and allowed for multi-wavelength anomalous dispersion X-ray data collection on a single crystal. These datasets allowed us to solve the mercury substructure of CD22~20-330,\ 5A~, which revealed a single mercury atom bound to a free cysteine at position C308 and ultimately allowed us to build the structure of CD22~20-330,\ 5A~ into the phased electron density map using AutoBuild[@B77].

Once the unliganded structure was solved, we were interested in solving the structure of CD22 bound to its ligand, α2-6 siallylactose. We first calculated the affinity of CD22 towards α2-6 sialyllactose using ITC to characterize the binding thermodynamics of the interaction. We observed an affinity of \~280 µM and used this information to identify an initial concentration (\~ 100 x K~D~) of ligand to use for soaking of our native CD22~20-330,5A~crystals. We soaked the CD22~20-330,\ 5A~ crystals with 25 mM siallylactose for 5 min, 2 h, 14 h, 40 h and 5 d and monitored for changes in crystal morphology. A total of \~75 crystals were frozen from various time points and sent to the CLS synchrotron beamline 08-ID (Saskatoon, Canada) for remote data collection. A total of six X-ray datasets were collected from well-diffracting crystals. The structure from each X-ray dataset was solved by MR using the unliganded CD22~20-330,\ 5A~ structure as an initial search model. The resulting electron density for all datasets was then inspected for positive density in the Fo-Fc map that would correspond to bound α2-6 sialyllactose within the binding site of CD22. Remarkably, all datasets collected, even those from crystals soaked after only 5 min of incubation time, contained positive density corresponding to the ligand in the binding site. Overall structures of the unliganded and liganded CD22 were highly similar with minimal conformational changes, which might explain the success of soaking experiments with α2-6 sialyllactose.

We next characterized the antigenic surface of CD22 recognized by therapeutic antibody epratuzumab in BLI and ITC experiments ([Figure 5](#F5){ref-type="fig"}). Kinetics and thermodynamics profiles of epratuzumab Fab binding to CD22 constructs with different glycoforms revealed an increasing affinity to CD22 with reduced N-linked glycan size, with up to a 14-fold improvement in affinity for smaller glycans (327 nM vs 24 nM in BLI; 188 nM vs 58 nM in ITC). The CD22 N-linked glycan restricting access of the antibody to its epitope was identified by BLI using single-point mutants of CD22 and by solving the epratuzumab Fab-CD22 d1-d3 co-crystal structure[@B27].

[Figure 1](#F1){ref-type="fig"}**. Overview of glycoprotein characterization from construct design to biophysical and structural characterization.** (1) Primary sequence analysis of representative glycoprotein. In grey, the extracellular domain (ECD); in green, the transmembrane (TM) segment; and in blue, the cytosolic domain of the glycoprotein. Predicted N-linked glycans are labeled. (2) Cloning of ECD constructs. (3) Expression of ECD constructs in mammalian cells. (4) Glycoprotein purification. While proteins expressed in HEK293F will contain complex glycans, proteins expressed in HEK293S will have high mannose glycans. Enzymatic treatment of glycoproteins produced in HEK293S cells with Endo H results in glycoproteins with only a GlcNAc moiety at N-linked glycosylation sites. (5a) Glycoproteins are tested for their binding to antibodies by biolayer interferometry (BLI) and isothermal titration calorimetry (ITC). Affinity to small ligands can also be measured by ITC. (5b) Crystallization trials of glycoproteins with homogeneous N-linked glycans, such as those expressed in HEK293S and deglycosylated with Endo H. (6) In some cases, mutation of N-linked glycosylation sites is necessary to obtain crystals. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/57750/57750fig1large.jpg)

[Figure 2](#F2){ref-type="fig"}**. Design of CD22 ectodomain DNA constructs for expression in mammalian cells.** **A)** Representation of the pHLsec plasmid used for transient transfection of CD22 ECD constructs. AgeI and KpnI sites used for cloning are indicated with red boxes. **B)** The CD22 ECD contains seven Ig domains (d1-d7) and 12 predicted N-linked glycosylation sites (in blue). Four constructs were designed from the CD22 ECD. **C)** 1% agarose gel showing PCR amplicons of CD22 ECD constructs for cloning into the pHLsec mammalian expression vector. First lane contains 1 kb DNA marker. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/57750/57750fig2large.jpg)

[Figure 3](#F3){ref-type="fig"}**. Expression and purification of glycoproteins. A)** Effect of cell density on expression yields. Glycoprotein expression in small-scale 25 mL culture of HEK293F suspension cells transfected using three different starting densities of cells (0.5 x 10^6^ cells mL^-1^, 1.0 x 10^6^ cells mL^-1^, and 1.5 x 10^6^ cells mL^-1^). Quantification performed by densitometry from SDS-PAGE in left panel and by quantitative BLI in right panel. Values are representative of one glycoprotein preparation. **B)** Chromatogram of the first purification step for construct CD22~20-330,\ 5A~from 600 mL of supernatant using a Ni-NTA affinity column. The glycoprotein was eluted using a gradient of imidazole (grey line), where 100% corresponds to the elution buffer, which contains 500 mM imidazole. Pooled fractions are depicted with vertical lines.**C)** Size-exclusion chromatogram for construct CD22~20-330,5A~ using a high-performance gel filtration column. Pooled fractions from the elution peak are depicted with vertical lines. Inset: Coomassie-stained SDS-PAGE gel showing the purity of the glycoprotein. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/57750/57750fig3large.jpg)

[Figure 4](#F4){ref-type="fig"}**. Crystal soaking with heavy atoms.** A) Sample workstation for soaking native crystals with HA compounds. All required tools are labeled. B) Steps followed to soak crystals of construct CD22~20-330,\ 5A~ with HA compounds. *Step 1*, Open well containing crystals, and transfer crystals using a loop to a 0.2 µL drop on a cover slip containing HA solution diluted in the crystallization condition such that the final concentration of HA ranges from 1-10 mM. *Step 2*, seal the drop in the crystallization plate and incubate crystals with the HA compound for different periods of time. *Step 3*, mount the soaked crystal in the loop and back-soak for 30 s in three consecutive 0.2 µl drops containing the mother liquor solution supplemented with 20% (v/v) glycerol dispensed on a cover slip. *Step 4*, flash freeze the crystal mounted on a loop with liquid nitrogen and place it in a puck for shipment to the synchrotron beamline. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/57750/57750fig4large.jpg)

[Figure 5](#F5){ref-type="fig"}**. Biolayer interferometry and isothermal titration calorimetry measurements. A)** Representative BLI experiment. *Top panel:*example of plate setup for a kinetics experiment, where the following are labeled: 1x kinetics buffer (B), His~6x~-tagged glycoprotein loading (L), representative Fab concentrations (500, 250, 125,  62.5 nM), PBS + 500 mM regeneration buffer (R), and 1x kinetics neutralization buffer (B). Each well contains 200 µL of solution. Step number for the kinetics experiment is indicated at the top of the plate. *Middle panel:* Representative raw data of BLI experiment performed using Ni-NTA biosensors and the plate described in the top panel. Step numbers correspond to baseline (1), His~6x~ glycoprotein loading (2), baseline (3), association in serial dilution of Fab (4) and dissociation (5). Regeneration steps are not represented (Steps 6-7). *Bottom panel:* Representative analyzed data showing raw association and dissociation (blue line) with the corresponding 1:1 fit (red line). **B) ***Top panel:*Representative plate setup for a single ITC run on an automated ITC instrument with seven experiments in a 96-well round bottom block. Each experiment is comprised of three wells. The first well (red) corresponds to sample for the cell (400 µL), the second well (green) corresponds to sample for the syringe (120 µL). The third well is left empty, and the mixed samples will be returned to this well following experiment completion. Experiments 1, 2, and 7 are buffer into buffer controls. Experiments 3-5 represent triplicate experiments with glycoprotein (P) in the cell and Fab or ligand (L) in the syringe. Experiment 6 represents a ligand heat of dilution control and should be subtracted from experiments 3-5 during data analysis. *Bottom panel:*Representative raw (top) and processed (bottom) ITC data showing Fab (epratuzumab) binding to CD22 ECD produced in HEK293F cells. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/57750/57750fig5large.jpg)

Discussion
==========

Membrane-anchored glycoproteins are critical for cell function and are attractive therapeutic targets. Here, we present a protocol for the structural and biophysical characterization of the ECD of membrane glycoproteins, both alone and in complex with small molecule ligands and Fab fragments. We have successfully used this protocol to determine the crystal structure of the three N-terminal-most Ig domains of the extracellular portion of human CD22[@B27], a critical co-receptor on B cells involved in keeping humoral immunity in check[@B78]. We have also characterized the binding site of CD22 with its natural ligand α2-6 sialyllactose, and defined the mode of recognition of a therapeutic antibody towards human CD22. These results provide insights into the structure-function relationship of a key member of the Siglecs family that has restricted expression on B cells, and a molecular roadmap towards the development of new CD22 targeted small molecule and antibody-based therapeutics. While this protocol was used successfully for an Ig-containing B cell receptor, we propose that our approach can be applied for the structural and biophysical characterization of any membrane glycoprotein with a distinct domain organization. In such cases, construct design and combinatorial N-linked glycan mutations (either to Gln or Ala) can be evaluated to find a construct suitable for crystal growth and high-resolution diffraction.

Obtaining a homogeneous and pure glycoprotein sample is of critical importance for crystal growth and X-ray diffraction, as well as for downstream biophysical characterization. N-linked glycans present on glycoproteins are inherently heterogeneous, and can cause conformational and chemical heterogeneity within the glycoprotein that can deter crystal formation. To reduce this micro-heterogeneity, strategies that introduce point mutations to remove Asn residues predicted to harbor N-linked glycans, or using mutant cell lines (such as HEK293S) followed by treatment with endoglycosidases (such as EndoH) can considerably improve crystallization success[@B14][@B20][@B21]. In this protocol, we discuss the purification of soluble glycoproteins and Fabs that are secreted into the cell supernatant. Glycoprotein secretion provides a relatively simple route towards purity, without the need for cell lysis or the addition of harsh chemicals or detergents. The cell supernatant, obtained following cell harvesting is then run directly over a column that has affinity for the protein of interest (*e.g.,*Ni-NTA for His-tagged glycoproteins, or LC affinity for Fab fragments). However, depending on the column of use and the conditions of the cell supernatant (*e.g.,*pH), the binding capability of the protein of interest to the column may be affected. If this is the case, it may be necessary to concentrate and buffer exchange the cell supernatant to improve binding to the column. Furthermore, it is strongly recommended that quality control steps during purification be employed to help assess protein purity. Running an SDS-PAGE gel or Western blot of all samples (before, during and after purification steps) can yield insights into whether the proposed purification scheme is suitable for the protein of interest. If contaminating bands are visible on SDS-PAGE, or if several species are obtained during purification (*e.g.,*several peaks on size exclusion), additional purification steps should be considered, *e.g.,*ion exchange chromatography, to gain in purity and increase chances of downstream crystallization[@B79].

For macromolecular crystallization, it is often critical to obtain high yields of the protein of interest to allow for the screening of a large number of potential crystallization conditions at high protein concentrations to find suitable crystal hits. Generally, the HEK293 cell lines discussed here (HEK293F and HEK293S) are robust expression systems, and can be easily scaled up to produce more sample as necessary. However, it is possible that the protein of interest may not express sufficiently within these cell lines. In these cases, other cell lines, such as Expi293 cells[@B80][@B81], have been found to show superior levels of protein expression and should be considered as an alternative.

If well-ordered, diffracting crystals are not obtained following testing of several constructs of the protein of interest despite high purity, it may be necessary to expand crystallization techniques to promote crystal formation. It has been shown that Fab fragments of antibodies and nanobodies can be excellent crystallization enhancers, and promote well-ordered crystal packing[@B82][@B83][@B84]. These fragments can be expressed and purified to homogeneity, and used in a complex with the protein of interest to promote crystallization. Importantly, Fab fragments produced as described in Section 10 can have a tendency to form non-functional LC dimers[@B85]. These dimers are contaminants and should be removed during purification. In our experience, LC dimers often have a different retention volume on size exclusion, or elute as a distinct peak on ion exchange chromatography, and thus can be removed from the Fab purification - however this is not always the case. If these techniques are insufficient to remove LC dimers from the Fab purification, additional purification methods, such as Protein G affinity purification, can be employed to improve purity.

Alternative to co-complexation with Fab fragments, well-documented techniques such as random matrix microseeding can improve chances of obtaining well-ordered crystals[@B62][@B69]. This method involves the addition of small amounts of crushed, suboptimal crystals into the crystallization condition, providing a crystal nucleate to promote crystal growth. This can be performed using crystals of the protein of interest, or ones with similar domain architecture and tertiary structure. Furthermore, random matrix microseeding can be performed in attempts to crystallize the protein alone, or in complex with a Fab fragment or small molecule of interest. Recent advances in cryo-electron microscopy also make this technique an attractive alternative to X-ray crystallography for obtaining high-resolution structural information for molecules with appropriate features[@B86][@B87][@B88][@B89][@B90].

When phasing of X-ray diffraction datasets fails by MR, HA soaking may be needed to solve the phase problem by anomalous dispersion or isomorphous replacement. Inspection of the amino acid sequence of the protein can provide clues about the strategy for HA derivatization, including optimum pH for binding. In particular, unpaired cysteines within the protein can specifically bind HA compounds that contain mercury. Soaking native crystals with HA compounds is an iterative process to determine the identity of the optimal HA compound, its concentration, and the required incubation time. If initial soaking attempts do not yield well-diffracting crystals containing a HA suitable for phasing, it may be necessary to introduce amino acid substitutions to improve the probability of HA binding and improve anomalous signal. Examples include mutations to include a free cysteine residue to efficiently bind Hg, Au, Pt or Pb. Expression of proteins for anomalous phasing in a seleno-methionine supplemented media in *E. coli* is extensively used for anomalous phasing, however an equivalent system that reliably incorporates seleno-methionine is not readily available for mammalian cells in suspension[@B91][@B92], and is an area of future development.

Once the unliganded structure of the glycoprotein of interest is obtained, soaking the crystals with small molecule ligands can be performed to obtain a structure of the immune receptor-ligand complex. These data provide a blueprint for the rational design of more specific and high-affinity ligands that can be used as small-molecule therapeutics as well as provides high resolution insights into the biological function of the glycoprotein. When attempting to soak glycoprotein crystals with small molecule ligands of interest, inspection of the unliganded crystal structure can indicate whether soaking should be possible. If close crystal-packing contacts are found around the ligand-binding site or around regions expected to undergo conformational changes upon ligand binding, soaking will likely be problematic. In this case, other methods such as co-crystallization of the protein-ligand complex should be performed.
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